Initiation of transcription on mitochondria]. DNA of Saccharomyces cerevisiae was studied in an in vitro system with a mtRNA polymerase fraction reconstituted from separately purified components and with DNA templates containing the promoter of the gene coding for large rRNA. The effect of various point mutations in this promoter region was quantitated in assays containing a wildtype promoter in equimolar amount as internal control. Despite the strong conservation around the position at which RNA initiation occurs (ATATAAGTApuTA, initiation nucleotide underlined), none of the single point mutations abolished transcription-initiation completely. Some reduce the efficiency of initiation to 10-20% compared to the wild type promoter, while others have a much less pronounced effect. A change of the A at position +4 into a G even results in a promoter up mutation. Remarkably, alteration of the A at position +1 into a G or a T affects the efficiency of initiation only slightly and initiation is maintained at the same position.
INTRODUCTION
can analyze the effect of mutations in the mitochondrial promoter in a more defined manner than has been possible so far. This article describes the construction of a number of point mutations in the large rRNA promoter, and a quantitation of the effects of these mutations on transcription efficiency in an in vitro transcription system using mtRNA polymerase reconstituted from extensively purified core and specificity factor fractions.
MATERIALS AND METHODS
Recombinant DNA methods. Restriction enzymes were obtained from Boehringer Mannheim and New England Biolabs, T4 DNA ligase was from New England Biolabs and DNA polymerase I, Klenow fragment from Boehringer Mannheim. Sequence reactions were carried out using the dideoxy chain termination method (22 Mc21A clones containing -6 C, -2 T or +4 G mutations were digested with Ahalll (cutting at position +46) and after ligation of a Sail linker inserts containing mtDNA from nt -211 to +46 were recloned in EcoRI-EcoRV-digested pB21H. pB21H/20Al was obtained by ligating the EcoRI-insert of M-20A1 (2) into EcoRI-digested pB21H.
Construction of point mutations
Variations of the synthetic 17-mer oligonucleotide ATATAAGTAGTAAAAAG corresponding to nt -8 to +9 of the large rRNA promoter were used to mutagenize Mc21A48/+46 or Mc21A (7). Sets used in each mutagenesis procedure were Tab 1 (-2 A or C), Tab 2 (-1 G, A or C), Tab 3 (+1 G, T or C), Tab 4 (+2 A, T or C), Tab 5 (+3 G, A or C) or Tab 6 (+4 G, T or C). The mutagenesis procedure was carried out in principle as described (17,18) using a double priming method with a mutagenic primer and the 18-mer TGTAAAACGACGGCCAGT hybridizing just upstream of the insert on single stranded Mc21A-48/+46. After filling in with Klenow fragment of DNA polymerase I and ligation, the insert was isolated by digestion with EcoRI and Hindlll and recloned into EcoRI-and Hindllldigested M13mpl8 or M13mpl9. Mutants were selected by direct sequence determination on ssDNA of resulting clones. Construction of the -6C and -2T mutants has been described before (7). mtRNA polymerase fractions Core RNA polymerase was purified from 3 kg of a S.cerevisiae strain ("Koningsgist", kindly provided by Gist-Brocades) as described (14) up to the glycerol gradient step. The specific core activity of the C2 fraction used in promoter analysis is 71 units per mg protein. Assuming the core component to be a 145 kDa protein (14) we estimate that it represents 5-10% of protein in the C2-fraction. The specificity factor of mtRNA polymerase was purified from the same starting material as described by us (Schinkel et al., submitted) up to the glycerol gradient step. The specific factor activity of the F8 fraction used in promoter analysis is about 1200 units per mg protein. Assuming the specificity factor to be a 43 kDa protein this fraction consists for about 50% of specificity factor. One unit of core polymerase activity is defined as the amount of enzyme which incorporates 1 nmole of UTP in a 155 nt run-off transcript synthesized from Hindlll-digested pU21H in the presence of a saturating amount of specificity factor in a standard run-off assay (see below). One unit of specificity factor activity is defined as the amount of enzyme which stimulates incorporation of 1 nmole of UTP in specific 155 nt run-off product in the presence of 5 x 10 unit core polymerase under standard conditions. Transcription reactions Preparation of digested template for run-off transcription was carried out as described ( unit of specificity factor (O.lul of fraction F8) for promoter characterization experiments. RNA products were analyzed by electrophoresis through 6% or 8% polyacrylamide, 7 M urea gels as described (4). Specific transcription was quantitated by cutting the relevant run-off transcripts from gel and liquid scintillation counting using "instagel" (Packard).
To correctly calculate the transcription efficiency of mutant promoters in combination clones, the ratio of label incorporated in mutant run-off and in the internal wild type control run-off was determined and divided by the ratio of test wild type run-off and control wild type run-off in the analogous wild type/wild type combination clone (see formula in table I and e.g. fig.4 ). Thus the efficiency of the mutant test promoter is compared to that of the wild type test promoter situated on an analogous DNA fragment, and corrected for possible variations between parallel reactions. Each combination clone was transcribed three times in independent reactions under identical conditions. stranded DNA using a double-primer procedure as described (17, 18) . The substitutions ranged from position -2 to position +4. The mutants that we obtained from this and previous procedures (7) Figures 5A and B show that the mutant promoters -2 A, -2 C, -1 G, -1 C, +1 G, which initiation takes place has shifted to one of the neighbouring A posi-
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tions (-3 A or +4 A). To test this the +1 T and +1 G mutant combination clones
were transcribed along with a wt/wt combination clone in a reaction mixture containing Y~^2P-ATP. Under these conditions only RNAs initiated with an A nucleotide will be labeled. Figure 7A shows that only transcripts from the wild type promoters are labeled, indicating that RNAs from +1 T and +1 G promoters do not initiate with ATP. Furthermore, the +1 T and +1 G mutant promoters were transcribed on isolated fragments supporting synthesis of very short (52 nt) run-off transcripts ( interestingly, an A to G transition at position +4 leads to a clear-cut rise in promoter efficiency. We have also tested the large rRNA promoter of Kluyveromyces lactis which contains the sequence ATATAAGT AATT. Figure 8A shows that the K.lactis promoter is only weakly transcribed in comparison to S.cerevisiae large rRNA promoter present as an internal control. We consider it likely that the T at position +4 causes this effect, also because a +4 T is not found in strong S.cerevisiae promoters (3, 10) .
Comparison of our data with those of others (8, 9 ; see also discussion)
suggests that sequences outside the region stretching from nucleotide -8 to +4
may also affect promoter efficiency. This is supported by the following observation: 99 nucleotides upstream of the large rRNA promoter a sequence ATATAATT AATA is found. With the exception of the presence of an A at position +2, which does not disturb the efficiency of the large rRNA promoter (Table   II) Table II 
